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Abstract

The influence of crenulated noncircular fibers on the micromechanical stress states due to

a transverse strain and to a temperature change in carbon/carbon composites is examined

using the finite element method. Stresses at the interface of both fully bonded and fully

disbonded fibers having two crenulation amplitudes and with two fiber volume fractions

are presented. In each case, these interface stresses are compared to stresses at the inter-

face of circular fibers which have the same degree of disbond and fiber volume fraction

and are under the same loading conditions. For the disbonded cases, deformed meshes

showing locations of fiber/matrix contact are also included. In addition to the interface

stress states, selected composite properties are also computed and compared in each case

examined. Interest in studying noncircular fibers stems from a desire to increase the trans-

verse properties of carbon/carbon by introducing a mechanical interlocking between the

tibet" and the matrix. Results presented here indicate that this interlocking does in fact

occur. Evidence from the interface stress data suggests, however, that any possible advan-

tage of this interlocking may be outweighcd by the disadvantage of stress concentrations

which arise at the interface due to the crenulated geometry of the fibers.
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1.0 Introduction and Literature Review

1.1 Introduction

Since their development began in the late 1950's, carbon-carbon composites have become

increasingly important in a wide variety of applications. Properties which include low

density, good retention of mechanical properties at high temperatures (>1600 °C), good

frictional characteristics, and low coefficient of thermal expansion have made carbon-car-

bon materials excellent candidates for many applications, particularly in the aerospace

industry. Currently, carbon-carbon materials are being used for aircraft brakes, rocket noz-

zles and throats, missile nose cones, turbine engine components, and spacecraft radiators

and thermal shields such as the wing leading edges of the space shuttle vehicles. Certain

undesirable properties have limited the use of carbon-carbon composites in other applica-

tions, however, and much research is directed toward improving these properties. Among

the disadvantages are rapid oxidation at temperatures above 370 °C, low strain to failure,

poor fiber/matrix bonding,/rod low strength perpendicular to the direction of the fiber rein-

forcement. Processing drawbacks are also a factor, including high cost, long fabrication

times, and inadequate reproducibility.
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The work presented here focuses on the problem of low transverse strength in carbon-car-

bon composites. The use of noncircular fibers, which provide an increased surface area for

fiber/matrix bonding, may help to improve this low transverse strength. More importandy,

a mechanical interference between the fiber and matrix is possible with the use of noncir-

cular fibers. This type of physical interlocking could serve to increase transverse compos-

ite properties. The objective of this research is to investigate the effect of noncircular fibers

on the stress states in carbon-carbon composites. Stresses are determined on the microme-

chanics level using finite element analysis. Two loading conditions will be discussed,

cooling of the composite by I°F, and the application of a uniform transverse tensile strain

of 1000 I.tin/in. As stated, the strength of fiber/matrix bonding in carbon-carbon is low.

Here both fully bonded fiber and matrix and fully disbonded fiber and matrix cases are

considered. By fully disbonded it is meant that the fiber is disbonded from the matrix at all

circumferential locations around the fiber. The results of the fully bonded and fully dis-

bonded cases are believed to bracket the stress states in an actual carbon-carbon compos-

ite, where the bonding that exists is somewhere between fully bonded and fully disbonded.

The fully disbonded case will be considered from two viewpoints. First, as an extreme

case, if the disbond results in a large gap between the fiber and matrix, the matrix behaves

as if there is no fiber present whatsoever. This no-fiber case will be considered in this

work. The second case, and the one of interest, is the existence of a gap that, despite being

fully disbonded, is small enough that when the carbon-carbon is loaded, the fiber and

matrix contact at locations determined by the size of the gap, the geometry of the fiber, and

the direction of the loading.

Noncircular pitch-based carbon fibers have been made in a variety of shapes by meltspin-

ning and extrusion through a noncircular spinnerette. The particular noncircular fiber
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geometry chosen for this analysis is the crenulated fiber shown in Figure 1. To model the

crenulation the fiber outer radius is assumed to be described by a cosine function. With

this assumption, the frequency and depth of the fiber crenulation can be easily changed.

The crenulated fiber is also close enough in geometry to a circular fiber that comparison of

stress states around these two geometries may be carried out. In this study such compari-

sons will be made. In addition, a crenulated fiber is symmetric about both the x and the y

axes, a factor which allows for simplification in analysis.

Y

matrix/

  e!i'ili!  ii!i!ili iiiiiiii!ii  i![i !iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii!ii!iiiillii i!
_X

Figure 1. Cross Section of Crenulated Fiber and Surrounding Matrix

In Chapter 2 an overview of the factors involved in modeling the crenulated geometry will

be presented. A discussion of features which are common to the modeling of both loading

conditions and the varying degrees of fiber/matrix disbond that will be considered is also

given. In Chapter 3 the thermally induced stress state around a perfectly bonded crenu-

lated fiber will be presented and compared to the stress state around a similarly loaded cir-

cular fiber. This comparison will also be made for the case of transverse tensile loading of

the perfectly bonded crenulated fiber in Chapter 4. Analysis of fully disbonded noncircular

fibers under transverse tension is presented in Chapters 5 and 6. Chapter 5 contains results

for the aforementioned case of disbonding to the point of no interference between the fiber
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and the matrix. This situation is considered by modeling the matrix alone containing a

void in the shape of the crenulated fiber. In Chapter 6 disbonds which result in gaps

between the fiber and matrix that are small enough to allow interference to occur between

the two materials when transverse tensile strains are applied are analyzed. Two gap magni-

tudes are considered. In each of the above analyses (Chapters 3-6) the effect on the stress

states of several crenulation amplitudes and fiber volume fractions are considered and

compared. Conclusions regarding the effect of the noncircular fibers on the micromechan-

ical stress states in carbon-carbon will be presented in Chapter 7, along with recommenda-

tions for future work.

1.2 Literature Review

1.2.1 Noncircular Fibers

Noncircular synthetic fibers which are melt spun from polymers such as nylon and polyes-

ter have been produced commercially for over twenty-five years. The first report of noncir-

cular carbon fibers, however, was that of Harrison, Fain, and Edie (1986). In this work

pitch based carbon fibers, Which are also melt spun, were made into C-shaped and hollow

circular fibers by altering the geometry of the spinnerette through which the melt was

extruded. Due to the extrusion process, these fibers were found to contain preferential

alignment of the aromatic carbon rings which resulted in a higher tensile strength than

similarly manufactured solid circular fibers. However, these noncircular fibers had larger

cross sections and lower moduli than the circular carbon fibers.

In the same year, Edie et. aI. (1986) produced trilobal shaped fibers by the melt-spinning
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process and subjected these to single filament testing. These fibers were determined to

have both higher strength and higher modulus than comparable circular fibers. It was

deduced that the increased surface area of the noncircular fibers could increase wetting of

the fiber and therefore fiber/matrix bonding. In addition, octolobal-shaped fibers were also

successfully produced, and it was stated that nearly any shaped fiber could be similarly

made.

Manocha, Bahl, and Singh (1989) compared performance of carbon-carbon composites

containing irregularly shaped fibers produced from a rayon precursor, and bean-shaped

and circular fibers produced form a PAN precursor. They found the morphology of the

fiber surface greatly influenced the microstructure of the matrix surrounding it in the com-

posite. The irregularly shaped fibers led to better fiber/matrix adhesion than the smoother

bean shaped and circular fibers but the sharp comers of the irregularly shaped fibers

caused kinking in the graphitic layers of the matrix which surrounds the fiber. This led to

high stress concentrations in the matrix.

Several papers presented at the International Symposium on the Development of Carbon

Fibers and Their Applications in Seoul, Korea in March of 1990 discussed possible advan-

tages of noncircular fibers. Rhee (1990) produced C-shaped and hollow carbon fibers by

melt spinning a coal-tar pitch and found them to possess higher moduli than circular

fibers. The noncircular fibers were also determined to have a higher flexible strength than

the circular fibers which facilitates processing. In two papers, Edie et. al. (1990) and

Stoner, Edie, and Kennedy (1990) determined that trilobal and circular fibers of the same

cross sectional area could be produced with comparative ease but the trilobal shaped fibers

had a tensile strength which was about 27% higher than that of the circular fibers. Trilobal

fibers of larger cross sections could also be produced at an increased rate of spinning. This
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could lower production costs. These larger fibers still maintained stiffness comparable to

the smaller circular fibers.

As shown, much work has been published on the manufacture and testing of noncircular

fibers with focuses on their tensile strength, moduli, and processibility. No work has been

published on the particular fiber geometry chosen for this analysis, however, and little

information is available on the actual effect noncircular fiber shapes have on the microme-

chanicai stress states in composite materials. This work will present such a detailed analy-

sis.

1.2.2 Micromechanieal Modeling

A vast array of literature is available on micromechanical modeling. A number of papers

which deal with the determination of transverse properties or stresses in continuous fiber

reinforced composites are briefly reviewed here. One of the early papers on micromechan-

ics which considered the transverse strength of a composite material is that of Adams and

Doner (1967). In this work a rectangular array of elastic fibers in an elastic matrix sub-

jected to a transverse normal stress was analyzed. A condition of plane strain was

assumed, and solutions to s!ress-displacement and equilibrium equations were found using

a finite-difference method. Maximum normal stresses around elliptical fibers of two axes

ratios were also presented and compared to those around a circular fiber.

Adams and Crane (1984) presented an analysis which used finite element methods to

determine stresses and strains on the fiber/matrix level. A square packed array of trans-

versely isotropic fibers in a fully isotropic matrix and generalized plane strain conditions
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were assumed. The method was able to compute fiber and matrix stress fields due to a

temperature or moisture change and due to a mechanical loading. Correlation with experi-

mental measurements was found to be reasonable.

Chamis (1987) devised a set of simple theoretical equations for the prediction of stresses

in the fiber, matrix, and at the interface of a three-dimensional composite based on known

ply level stresses. The equations were derived from elementary mechanics of materials

theory and could be used to predict stresses due to longitudinal or transverse loads, as well

as temperature and moisture changes.

Aboudi (1989) devised a method of predicting behavior of a composite from known fiber

and matrix material properties by application of continuity of displacements and tractions

and equilibrium equations to basic repeating cell units in the composite. In this analysis,

fibers were assumed to be have square cross sections. This method was used to predict

effective moduli, coefficients of thermal expansion, strength, and fatigue failure for com-

posites in general, as well as effective creep and relaxation functions of viscoelastic com-

posites, and yield surfaces of metal matrix composites.

Bowles (1990) used finite element analysis and the dosed form composite cylinder model

to determine thermally induced stress fields in the fiber and matrix of a carbon fiber/epoxy

composite. Matrix stresses were shown to increase with increasing fiber volume fraction

and increasing ply angle in multidirectional laminates. Failure of the matrix due to thermal

stresses was predicted based on maximum normal interface stresses and was found to cor-

relate well with experimental data.

A number of works have also been published on the modeling of imperfect bonding
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between the fiber and matrix on a micromechanics level. For example, Adams (1987) used

a two-dimensional finite element analysis to predict micromechanical response of a com-

posite to transverse tensile loading. The element mesh used included an interface zone.

The strength of this zone could be varied to model varying degrees of bonding. By chang-

ing the interface strength and comparing finite element results to experimental transverse

strength measurements, an idea of the level of disbond in an actual fiber composite could

be determined.

Aboudi (1987) modeled the fiber-matrix bond as a "flexible film" in which the shear stress

and normal stress were proportional to the relative displacements of the fiber and matrix at

the interface. This model was used to predict the shear moduli, Young's moduli, Poisson's

ratios, and coefficients of thermal expansion of composites containing imperfect bonding.

Takahashi and Chou (1988) used a mathematical model to determine transverse elastic

properties of unidirectional composites containing perfectly bonded and completely dis-

bonded fibers. In their "cavity formation model" the fiber and surrounding cavity, which

opens due to transverse loading, was replaced by an imaginary inclusion which sustains

only compressive loads. The effective elastic compliance was then derived based on anal-

ysis of the work done in applying a given load.

Achenbach and Zhu (1989) used boundary element methods to determine stress fields in

the matrix, fiber, and interfacial zones of a perfectly bonded and partially disbonded trans-

versely loaded composite. Analysis of initiation, propagation, and arrest of the interface

cracks was conducted based on critical strain energy density considerations.

Sullivan, Cassin, and Rosen (1990) used finite element analysis to determine transversely
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isotropic properties of unidirectional composites for circular fibers with varying degrees of

disbond and for fully bonded "pac man" shaped fibers. The analysis assumed a hexagonal

array of fibers and generalized plane strain conditions. One-dimensional gap elements and

a nonlinear iterative analysis was used to model the disbond. It was determined that the

degradation of transverse properties increased as the degree of disbond increased and that

the degradation is more severe at higher fiber volume fractions.

Nimmer et. al. (1991) also used finite element methods in the analysis of a square array of

circular fibers under transverse tensile strain. Behavior was predicted for a composite con-

taining perfectly bonded fibers and for one with complete disbond between the fiber and

the matrix. Again, the transverse tensile modulus was found to be severely reduced by the

presence of fiber/matrix disbond.

As can be seen, there is literature available which deals with noncircular fibers, microme-

chanical modeling, and disbond modeling. In the next chapter, modeling issues for the

particular noncircular fiber investigated here, namely the crenulated fiber, will be dis-

cussed.
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2.0 Common Geometric and Modeling Issues

The specific problem to be addressed is shown in Figure 2. In this figure a square packed

array of crenulated fibers is illustrated. The x-y-z coordinate system used throughout the

analysis is also shown. The array in Figure 2 will be subjected to a uniform temperature

change, AT, and a known applied overall uniform transverse strain in the x direction, _x.

Though crenulated fibers are shown in the figure, circular fibers in similar situations will

also be discussed. As indicated in the figure, due to the symmetry of the square packed

array, attention can be focused on a single unit cell. For the loading conditions considered

in this analysis, only a quarter of the unit cell, as indicated by the outlined region, need be

considered. There are several issues related to the geometry of the crenulated fiber which

deserve special attention. These issues will be discussed in this chapter.

2.1 Geometric Considerations

The parameters which define the crenulated fiber geometry are illustrated in Figure 3. As

stated, the radius of the crenulated fiber _, is described by a simple cosine function involv-

ing the fiber mean radius ro, the wavelength of crenulation _., the amplitude of crenulation

t_, and the integer m, which represents the number of crenulation cycles around the entire

Common Geometric and Modeling Issues 10



O

O

O

OOOO

o1 o o
OOOO

y quar_r.model

reglon

0 OOOO
Figure 2. Square Packed Array and Umt Cell Geometry

fiber. Specifically, referring to Figure 3,

f = r o ( 1 - ctcos (m0)) cos0T + r o ( 1 - cxcos (me)) sin0_' , (1)

where _ and _"are unit vectors in the x and y directions respectively, and the origin of the

x-y coordinate system is located at the center of the fiber as shown. The magnitude of f is

given by

I_1 = r o (1 - c_cos (m0)). (2)

With this representation, the radius of the fiber is parameterized by the angle O which

describes circumferential location around the fiber relative to the x axis.
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The stresses calculated by the finite element analysis, to be discussed shortly, are refer-

enced to the x-y system. Since the stresses along the fiber/matrix interface are of interest in

this study, it is necessary to transform the stresses referenced to this coordinate system into

a system which is normal and tangential to the crenulated interface. Details of the crenu-

!ated fiber surface and the orientation of the two coordinate systems are shown in Figure 4.

As can be seen in the figure, the angle [3 defines the orientation of one coordinate system

relative to the other. In particular, 13defines the angle between the x-direction and the nor-

mal to the fiber surface ft. This angle is important for defining the transformation relations

and it can be calculated from the interface radius equation. Specifically, by definition, the

unit tangent to the interface is given by

d_

dO
= -- (3)
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Equation 3 can be written as

= t xT + tyj, (4)

where

t x = (mo_sin(mO)cosO- (1-_cos(mO))sinO)/(amsin(mO)) (5a)

and

ty - (masin(mO) sinO+ (1-o_cos(mO))cosO)/(o_msin(mO)). (5b)

The angle _ between the unit tangent and the x axis is then given by
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0 tan/

The unit normal is perpendicular to the unit tangent. Therefore,

7_

13= i - (7)

The normal stress ¢rn, tangential stress Gt, and shear stress _nt along the interface may then

be calculated from the stresses in the x-y system using the following equations:

x y x y
o - + cos (213) + "c sin (213)

n 2 2 xy

x y + x Y cos (2d_) + sin (24) (8)
°t - 2 2 'Cxy

Xnt = o x - Oy)_- sin (213) + ZxyCOS (213).

Note that the normal and shear interface stresses, as shown in Figure 4, act directly on the

interface and should, therefore, be continuous across the interface for a fully bonded fiber.

For the fully bonded models stresses calculated by finite element analysis at the Gauss

points closest to the interface in the fiber and in the matrix are therefore averaged across

the interface in this analysis. Tangential stresses at the interface act within the fiber and the
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matrix on either side of the interface and will therefore be different in each material due to

differences in material properties. In general, none of the stress components will be con-

tinuous across the disbonded interface.

For each of the loading cases and degrees of disbond considered in the following chapters,

the stresses a a, a t, and Xnt will be presented for models having varying fiber volume frac-

tions and crenulation amplitudes. Two values of fiber volume fraction, 40% and 60%, are

considered for each case. This parameter is easily changed by varying the fiber mean

radius ro in equation 1. Circular fibers and fibers of two crenulation amplitudes, ct = 0.02

and a = 0.05, are also considered for each case. The circular case is clearly equivalent to a

crenulation amplitude a = 0.0. The frequency of fiber crenulation m is related to the fiber

crenulation wavelength _. by the following expression,

_._ 2_ro (9)
m

This parameter is kept constant at a value of 32 for all cases considered but could be

changed if studies on the effect on stress states of varying frequency of crenulation were of

interest. Increasing the frequency of crenulation, however, would certainly increase diffi-

culties in both processing and modeling of the crenulated fiber. With the given variations

in ro and o., a total of six separate stress states are examined for each loading condition and

degree of disbond.
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2.2 Characteristics of Stress Transformations

At this point it is important to note that the transformation of stresses from the x-y system

to the fi-[ system may lead to apparent variations in stress that could be wrongly inter-

preted as being due to crenulation geometry, material property differences, loading, etc. To

investigate the effect this transformation has on the character of the interface stresses, con-

sider a homogeneous isotropic material subjected to a uniform strain in the x direction. Let

the strain in the y direction be controlled by Poisson's ratio. Recall, Figures 1 - 3 define

the x and y directions. The stress state in this material is given by

C =E_ =ff
X X 0

Cry = 0 (IO)

"_ = O,
xy

E being the Young's modulus of the material and cro being a constant. Now, consider an

imaginary interface in the material having the shape of the crenulated fiber. The stress

state at points on the imaginary interface and referenced to the x-y coordinate system, just

like the stress state at any other point within the homogeneous isotropic body, is given by

equation 10, a very simple condition. However, if the simple stress state is transformed in

accordance with equation 8 to find the stresses acting in a system which is normal and tan-

gential to the imaginary interface, the result is
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0 0
_ 0 0

°n 2 + T c°s (213)

0 0
o o

°t = T +-_--cos (2@) (11)

O o

For comparison, the transformed stress state around a circular imaginary interface would

be given by

0 0
0 0

On = m2 + T cos (20)

_ 0 o
°t 2 + T c°s (2 (_ - 0) ) (12)

0 o

Znt = -/-_-/sin (20).

The variation of the normal, shear, and tangential interface stresses on the imaginary cir-

cular interface and the imaginary crenulated interface for values of ot = 0.02, m - 32 and a

fiber volume fraction of 60% in a homogeneous material subjected to a unit stress o o are

shown in Figures 5, 6, and 7, respectively. The stresses have been normalized with respect

to o o. As shown, stresses for the noncircular case appear to vary a great deal relative to
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those in the circular case, even though both cases are the same homogeneous matedal sub-

jected to a simple force per unit area stress state in the x-y system. In fact, relative to the

actual simple uniaxial stress state Go, the apparent variation for a crenulated fiber is sub-

stantial. With a larger amplitude of crenulation, the apparent variation of the normal, tan-

gential, and shear stresses for the crenulated fiber will increase. Therefore, when

examining interface stresses in composites containing crenulated fibers, it should be noted

that much of the variation from the circular stress state is simply due to the transformation

of the x-y stresses around the noncircular interface.
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Figure 5. Normal Stresses on Imaginary Interface

The diamond shaped symbols shown in Figures 5 - 7 will also be used in similar figures in

the chapters which follow_ In the next four chapters, these diamond symbols will be

included in each figure to indicate the circumferential locations, 0, of the maximum fiber

radius, i.e., the crenulation peaks. For the case shown in Figures 5 - 7, the values of stress

on the imaginary crenulated interface at these locations correspond to those on the imagi-

nary circular interface. This is also true at the locations which lie halfway between the dia-
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mond symbols. These locations correspond to the minimum fiber radius locations. This

should be expected because at the maxima and minima of the crenulated radius the tangent

to the crenulated locus is parallel to the tangent to the circular locus. For the actual erenu-

lated fiber in a matrix this equality of stresses will not necessarily occur due to the

mechanics of interaction between the fiber and the matrix.

Xnt

0.4 _ _enu_ed r_
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Figure 6. Shear Stresses on Imaginary Interface
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Figure 7. Tangential Stresses on Imaginary Interface
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2.3 Finite Element Modeling Considerations

The commercially available finite element code ABAQUS is used for the analysis while

the program PATRAN is used for pre- and postprocessing of the input and output data.

Linear elastic response and a condition of generalized plane strain are assumed for both

the thermal and mechanical loading. Since the analysis is linear elastic, the actual size of

the unit cell is not important. Rather, it is important to represent the volume fraction and

material properties of each constituent correctly. For this analysis, the dimensions of the

unit cell, shown in Figure 2, are assumed to be 1.0 by 1.0. The total area of the unit cell in

the x-y plane is therefore 1.0. The dimensions of the quarter model region are then 0.5 by

0.5.

A typical finite element mesh is shown in Figure 8. The arrows indicate the position of the

fiber/matrix interface. The mesh shown is for a fiber volume fraction of 60% and a crenu-

lation amplitude of 0.02. Models of the perfectly bonded composite contain a total of 2040

triangular and quadrilateral elements with 6105 total nodes, while models of the dis-

bonded cases contain an extra 128 special interface elements and a total of 6364 nodes.

The elements used for modeling the fiber and matrix axe 8-node quadratic triangular and

10-node biquadratic quadrilateral generalized plane strain elements. Under conditions of

generalized plane strain it is assumed that there is no gradient in any strain component in

one material direction. In this case, the unique direction corresponds to the fiber axis or z

direction, which is the out of the plane direction in past figures. The elements are of unit

thickness (thickness defined to be in the z direction) and lie between two parallel bounding

planes which are initially perpendicular to the z axis and which can move relative to each
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other while remaining planar. With the scheme in ABAQUS, each generalized plane strain

element is then defined by 6 or 8 conventional nodes for the triangular and quadratic ele-

ments, respectively, plus a set of two additional nodes which act to describe the motion of

these two bounding planes. The first extra node has only one degree of freedom. This

degree of freedom corresponds to the z direction strain of the element. The second addi-

tional node has two degrees of freedom. These degrees of freedom correspond to the com-

ponents of rotation of one bounding plane with respect to the other. For this analysis these

two degrees of freedom were set to zero so that axial strain in all elements is the same and

the bounding planes remain parallel after loading. In general, the same two extra nodes

may be used for all elements in the mesh. For the disbonded case, however, to prevent

interaction of the fiber and the matrix in the axial direction, one set of additional nodes is

prescribed to the elements in the fiber and a separate set of additional nodes is prescribed

to the elements in the matrix.

Figure 8. Typical Finite Element Mesh
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To model the disbond between the fiber and the matrix special three-node interface ele-

ments available in ABAQUS were used. These elements are able to model interactions

between elastically deforming bodies which may contact each other at any number of

points along their boundaries. The nodes on these interface elements correspond to the

nodes along the surface of the fiber at the interface. The interface elements are then associ-

ated with a node set containing all the nodes along the surface of the matrix at the inter-

face. The node set for the matrix at the interface is defined as a "slide line" in ABAQUS.

The interface elements may contact the slide line at any point but may not cross it. Stresses

and strains in these elements are computed in a local system which is normal and tangen-

tial to the slide line at every point. For this analysis a frictionless slide line, or contact sur-

face, is assumed. Two disbond gaps are investigated in this work, one being lxl0 "5 times

the mean fiber diameter do(= 2ro) and the other, smaller at lxl0 "6 d o.

Representative pitch-based carbon fiber and carbon matrix properties are assumed in the

analyses. These properties are based on values found in the following sources: Adams

(1975), Amoco Performance Products, Inc. (1989), Bowles (1990), Chamis (1984), Dean

and Turner (1973), Dieffendorf and Tokarsky (1975), Edie and Stoner (i992), Kriz and

Ledbetter (1985), Kriz and Stinchcomb (1979), Maahs (1990), Perry and Adams (1974),

Rozploch and Marciniak (1986), Schmidt (1972), and Smith (1972). The matrix is consid-

ered fully isotropic with the following properties

E = 6.0 Msi

v =0.3 (13)

G = 2.31 Msi

CTE = 1.67x10 -6 / °F,

where E is Young's modulus, v is Poisson's ratio, G is the shear modulus, and CTE is the

coefficient of thermal expansion. The properties used for the fiber, which is assumed to be
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transversely isotropic, are

E L = 50.0 Msi

VTT = 0.49

GTr " 0.67 Msi

CTE L = 0.0/°F

E T = 2.0 Msi

VTL = 0.0132

GLT = 0.6 Msi

CTF_¢ = 5.0x10 6/°E

where L represents the fiber direction and T represents the transverse direction.

(14)

For the case of thermal loading, a uniform temperature change AT = -1.0 °F is applied to

all elements in the model. As implied by the material properties, linear thermal expansion

is assumed. Due to the quarter symmetry of the model, as shown in Figure 2, constraints

must be enforced on the displacements of the nodes along the lines x = 0 and y = 0, and on

the origin which corresponds to the fiber center. All nodes along the line x = 0 are con-

strained to have zero displacement in the y direction, while all nodes along the line y = 0

are constrained to have no x direction displacement. Multipoint constraints are also placed

on the lines x = 0.5 and y = 0.5, which correspond to the right edge and top edge of the

finite element mesh, respectively. These constraints require that the nodes along these two

lines have equal displacements in the x and y directions respectively, i.e., each line

remains straight and parallel to its original position.

In the case of transverse loading, an average x direction strain _x equal to 1000 l.tin/in is

applied by uniformly displacing all nodes along the line x = 0.5 in the x direction. The

same constraints due to symmetry are placed on the nodes along x = 0 and y = 0 as in the

thermal loading case, and a similar multipoint constraint is applied to the nodes along

y = 0.5. As stated, the rotation about any axis of the parallel planes that bound the model is

prevented in both loading cases.
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Stresses induced by the temperature change are normalized by the Young's modulus of the

matrix times its coefficient of thermal expansion times the magnitude of the temperature

change applied, EmCTEmlAT1, the product being equal to 10.02 psi. Stresses due to the

transverse tensile loading are normalized by the modulus of the matrix times the applied

average tensile strain, Em_ x, this product being equal to 6000 psi. Since the analyses of the

fully bonded and no-fiber cases are linearly elastic, stress states due to a larger temperature

change or different applied transverse tensile strain could be easily determined by scaling

the results for the load cases presented here. Analysis of the fully disbonded case is non-

linear and, therefore, can not be sealed in this manner.

Certain average composite properties are calculated from the finite element data for each

loading condition considered. For the case of a temperature change, the coefficients of

thermal expansion of the composite in the x, y, and z directions (a x, ay and a z, respec-

tively) are determined from strain and displacement data. For the case of applied trans-

verse strain, an average effective transverse modulus of the composite, E x, is calculated

from stress data and the Poisson's ratios, Vxy and Vxz, are determined from strain and dis-

placement results.

The next chapter begins the discussion of the various analyses conducted using the model-

ling factors just presented. Specifically, the next chapter considers the response of the

composite to a unit temperature decrease.
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3.0 Response Due to a Temperature Change

As carbon-carbon materials are cooled from the high temperatures at which they are pro-

cessed to lower temperatures at which they will be used, stresses are induced in the fiber

and matrix due to the difference in their coefficients of thermal expansion. These thermal

stresses exist in the composite prior to any mechanical loading that will be seen in use and,

therefore, can affect the composite's performance in use. In this chapter stresses at the

interface of perfectly bonded circular and crenulated fibers induced by a temperature

change AT = -1.0 °F are presented and compared. The effects on these stresses of increas-

ing fiber crenulation amplitude and fiber volume fraction are also discussed.

With the generalized plane deformation model being used here, cooling results in a uni-

form contraction in the x-y plane because both the fiber and the matrix are isotropic in this

plane and boundary conditions are symmetric. As a result, all interface normal and tangen-

tial stress states are symmetric about 0 = 45 °, while all interface shear stress states are

antisymmetric about 0 = 45 °. Note, the stresses as presented are normalized by a factor

which contains the absolute value of the temperature change and that linear thermal

expansion is assumed. The signs of the normalized stresses are thus associated with a tem-

perature decrease. Also, stresses induced by a larger decrease in temperature would appear
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identical to those shown here.

3.1 Fully Bonded Circular Fiber, vf = 40%

To provide a basis for comparison, the stress state in a unidirectional composite containing

fully bonded circular fibers at 40% fiber volume fraction is first considered. The interface

stresses _n, Xnt, and c_t are shown in Figures 9, 10, and 11, respectively. It should be noted

that these figures have been scaled for ease of comparison with the noncircular cases to be

studied later.

Examination of Figure 9 reveals that with a temperature decrease, the interface normal

stress is tensile at all circumferential locations. This results from the difference between

the coefficients of thermal expansion of the fiber and of the matrix. The coefficient of ther-

mal expansion of the fiber in the x-y plane is greater than that of the matrix (5.0 x 10 -6 / OF

vs. 1.67 x 10 .6 / °F). The fiber therefore tends to contract more upon cooling and pull away

from the matrix. When fully bonded, the matrix resists the contraction of the fiber, causing

tensile normal stresses to arise at the interface. The maximum normal stresses for this cir-

cular fiber case occur at 0 = 0 ° and 0 = 90 °, locations where the least amount of matrix

material exists in the model. This small amount of matrix material must resist the contrac-

tion of the fiber at these circumferential locations as much as the matrix material at other

circumferential locations does so that the edges of the model satisfy the boundary condi-

tions, i.e., they remain straight and parallel to their original positions. Therefore, higher

stresses arise in these regions. The lowest normal interface stress is seen at O = 45 °, the

location where the most matrix material is present to resist the contraction of the fiber.
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The interface shear stress for this circular fiber case is shown in Figure i0. As stated, the

shear component is antisymmetric about 0 = 45 °. In this case, negative shear stresses

occur at the interface in the region 0 < 45 °, while positive stresses occur at the interface in

the region 0 > 45 °. The shear stress vanishes at 0 = 45 °, 0 = 0 °, and 0 -- 90 °, as required by

boundary conditions and the symmetry of the problem. By comparing Figures 9 and 10, it

is seen that the magnitude of the interface shear stress is small compared to the magnitude

of the interface normal stress.
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Figure 9. Interface Normal Stress Due to Temperature Change for Fully Bonded Circular

Fiber, vf = 40%

The tangential component of stress at the interface in both the fiber and the matrix is

shown in Figure 11. The matrix is in compression in the tangential direction while the

fiber is in tension. This is again a result of the tendency of the fiber to pull away from the

matrix due to the greater coefficient of thermal expansion in the fiber. Note, the maximum

compressive tangential stress in the matrix occurs at 0 = 0 ° and 0 = 90 °, while the maxi-

mum tension in the fiber occurs at 0 = 45 °. It can be seen that the magnitude of the tangen-
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tial stress in the matrix is considerably larger than the magnitude of the tangential stress in

the fiber, and the magnitude of all the other stress components.
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Figure 10. Interface Shear Stress Due to Temperature Change for Fully Bonded Circular

Fiber, vf = 40%

2

o

r.,)

-4

' "' I ' ' I ' ' I ' ' I I nl:w
I ....... matrix

, , I _ , I , , I , ,__1 , , I , ,

0 15 30 45 60 75 90

0

Figure 11. Interface Tangential Stress Due to Temperature Change for Fully Bonded Cir-

cular Fiber, vf = 40%
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3.2 Fully Bonded Crenulated Fiber, = 0.02, vf = 40%

Next, the cooling of a composite containing a slightly crenulated fiber is considered. Inter-

face stresses about a fiber with a crenulation amplitude of u = 0.02 and a fiber volume

fraction of 40% are shown in Figures 12, 13, and 14. The circular fiber stress states just

presented are also shown on each figure to facilitate comparison. Examination of Figure

12, the interface normal stress, shows that the introduction of the fiber crenulation causes

stress to vary above and below the stress level seen in the circular fiber case. Note the

maximum normal stress for this mildly crenulated case is greater than in the circular ease

and no longer occurs at 0 = 0 ° and 0 = 90 °, but occurs slightly away from the 0 = 0 ° and

0 = 90 ° locations. As discussed previously, the diamond markers on the figure indicate the

0 locations at which the fiber radius is at its maximum, i.e., the positions of the peaks in

the fiber crenulation. In this case, the local maxima in the variations of the normal stress

correspond to the positions of these crenulation peaks.
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Figure 12. Interface Normal Stress Due to Temperature Change for Fully Bonded Crenu-

lated Fiber, ot = 0.02, vf = 40%
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The interface shear stress component about the mildly crenulated fiber is shown in Figure

13. This stress component also follows the general trend of the shear stress in the circular

fiber case, but again varies locally above and below the stress level for the circular fiber.

The stress state remains antisymmetric about 0 = 45 ° and still goes to zero at 0 = 0 °, 45 °,

and 90 ° , as in the circular case. As with the normal stress component, however, the maxi-

mum shear stress value is higher and the minimum shear stress value is lower in the crenu-

lated case. Also, these maximum and minimum stresses do not occur at the same 0

locations as in the circular case. Here, referring to the diamond symbols, the position of

the peaks in stress variation do not coincide with the positions of the fiber crenulation

peaks. Values of shear stress at the 0 locations that correspond to the peaks in crenulation

are halfway between the local maxima and minima of the stress variations.
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Figure 13. Interface Shear Stress Due to Temperature Change for Fully Bonded Crenu-

lated Fiber, o_= 0.02, vf = 40%

Tangential stresses at the interface in both the fiber and matrix are shown in Figure 14. The

variation of stress levels about the level for the circular cases is seen here, too. Note, the
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local variations in the matrix tangential component are greater than those in the fiber tan-

gential component. In both constituents, the maximum stresses are higher about the crenu-

fated fiber than about the circular fiber, and the minimum stresses are lower. Here, the

maximum magnitude tangential stress no longer occurs at 0 = 0° and 0 = 90 °, as in the cir-

cular case, but is shifted slightly from these locations. Also, the positions of the crenula-

tion peaks correspond to the locations of the local minima in the variations of the

tangential stresses. Recall from Figures 12 and 13 that the local maximums in normal

stress variations corresponded to locations of peaks in the fiber radius, whereas with the

local shear stress variations, the peaks in the fiber radius were approximately midway

between the local maxima and local minima in stress variation.
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Figure 14. Interface Tangential Stress Due to Temperature Change for Fully Bonded

Crenulated Fiber, o_= 0.02, vf = 40%
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3.3 Fully Bonded Crenulated Fiber, = 0.05, vf = 40%

The geometric difference between the two crenulation amplitudes considered in this anal-

ysis can be seen in Figure 15, which shows the finite element meshes at a fiber volume

fraction of 40% for crenulation amplitudes of 0.02 and 0.05. The effect of increasing

crenulation amplitude from _ = 0.02 to a = 0.05 on the three interface stress components

induced by cooling the composite is shown in Figures 16, 17, and 18.

Ot = 0.02 Ct= 0.05

Figure 15. Comparison of Fiber Crenulation Amplitudes

Figure 16 shows the interface normal stress component about the circular fiber, a fiber

with a erenulation amplitude ot = 0.02, and one with a crenulation amplitude ¢t = 0.05.

Clearly, increasing fiber crenulation amplitude increases the variation of the stress state

about that found in the circular fiber case. The maxima in the stress variations continue to

occur at the 0 locations corresponding to the fiber crenulation peaks.
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Figure 16. Interface Normal Stress Due to Temperature Change for Fully Bonded Crenu-

lated Fiber, o_= 0.05, vf = 40%

Figure 17 shows similar results for the shear stress component. Much larger stress varia-

tions are seen in the case of the larger crenulation amplitude. Note, particularly large shear

stresses now occur near 0 = 0 ° and 0 = 90 ° and that the sign of the shear stress changes

rapidly with 0. Relative to the tx = 0.02 case, the magnitude of the interface shear stresses

have more than doubled, whereas compared to the circular case, the magnitude of the

interface stress is approximately a factor of five greater. Again, the value of the shear stress

at the crenulation peaks is between the maxima and minima of the local stress variations.

The tangential stress component in the fiber and the matrix is shown in Figure 18. Here,

the increase in fiber crenulation amplitude also causes an increase in the stress variation

about the circular level. As before, variations in the matrix tangential component appear to

be greater than those in the fiber tangential component. On a percentage basis, however,

near 0 = 0 ° and 0 = 90 ° the variations in the fiber tangential stress are greater than in the

Response Due to a Temperature Change 33



matrix. Local extremum values in the tangential stresses in both the fiber and the matrix

again occur at the positions of the fiber crenulation peaks.
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Figure 17. Interface Shear Stress Due to Temperature Change for Fully Bonded Crenu-

lated Fiber, (x = 0.05, vf = 40%
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Figure 18. Interface Tangential Stress Due to Temperature Change for Fully Bonded

Crenulated Fiber, (x = 0.05, vf = 40%
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3.4 Effect of Increasing Fiber Volume Fraction on Stresses Due

to Temperature Change: Fully Bonded Case

The effect of increasing the fiber volume fraction is shown in Figures 19, 20 and 21. These

figures show the three interface stress components about circular fibers, and fibers with

crenulation amplitudes of ot = 0.02 and ot = 0.05, all at a fiber volume fraction of 60%.

Note that to facilitate comparison, these figures are shown on the same scale as the figures

for 40% fiber volume fraction.

Comparison of Figures 16 and 19 shows that the increase in fiber volume fraction causes

normal interface stresses to be reduced slightly. This is true for both the circular and

crenulated cases. At this larger volume fraction the normal stresses around the crenulated

fibers still follow the general trend of the normal stress around the circular fiber, but the

local variations in stress at both crenulation amplitudes appear to be greater than those that

occur at the lower volume fraction. Note that with 60% fiber volume fraction and the

higher crenulation amplitude, the larger stress variations cause compressive normal

stresses to arise at certain circumferential locations, specifically at radius minima in the

range 20 ° < 0 < 70 °. The relation between the local maxima in the interface normal stress

variation and the positions of the crenulation peaks remains the same at this higher volume

fraction as at the lower volume fraction.

By examining Figures 17 and 20, it is seen that increasing the fiber volume fraction has a

significant effect on the interface shear stress. The increase in fiber volume fraction causes

increased interface shear stresses. The shear stress again changes sign rapidly with 0 and

quite large stresses occur near 0 = 0 ° and 0 = 90 °. The positions of the peaks in the fiber
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crenulation still occur between the local maxima and minima of the stress variations.

Note, however, additional variations in the stress that were not seen at the lower fiber vol-

ume fraction arise at this higher volume fraction with the crenulation amplitude ct = 0.05.

That is, where as the variation with 0 of the stresses for the case of a = 0.02 tend to follow

the variations with 0 of the crenulation amplitude, for a = 0.05, the variations with 0 of the

stresses seem to include perturbations, or "higher harmonics".
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Figure 19. Interface Normal Stress Due to Temperature Change for Fully Bonded Crenu-

lated Fiber, ot = 0.02 and tz = 0.05, vf = 60%

Figure 21 shows both the fiber and matrix tangential stresses for the circular fiber and the

crenulated fiber with ct= 0.02 and 0.05 for a fiber volume fraction of 60%. Comparing this

figure to Figure 18 shows that the increase in fiber volume fraction causes both the fiber

and the matrix stress levels to shift slightly in the negative direction. The variations in

stress due to increase in crenulation amplitude again appear to be increased by the increase

in fiber volume fraction. Also, compressive stresses arise at certain 0 locations on the fiber

side of the interface at the higher crenulation amplitude, whereas fiber tangential stresses
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are completely positive at the lower fiber volume fraction. As before, the local extremes in

stress variation correspond to the positions of the peaks in fiber crenulation.

0.5

O.0

-0.5

u

0 15 30 45 60 75 90

Figure 20. Interface Shear Stress Due to Temperature Change for Fully Bonded Crenu-

lated Fiber, _ = 0.02 and _ = 0.05, vf = 60%
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Figure 21. Interface Tangential Stress Due to Temperature Change for Fully Bonded

Crenulated Fiber, _ = 0.02 and _ = 0.05, vf = 60%
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3.5 Response Due to Temperature Change of Fully Disbonded

Fiber

As noted previously, the coefficient of thermal expansion of the fiber in the x-y plane is

greater than that of the matrix. This difference causes the fiber material to tend to pull

away from the matrix material when the composite is cooled. Analysis of a model contain-

ing fully disbonded fibers subjected to a temperature change of AT = - 1.0 °F is therefore

trivial. The fiber shrinks away from the matrix and no interaction between the two occurs.

Both fiber and matrix experience free thermal contraction. Therefore, no stresses are

induced in either material. Similarly, no stresses arise in a model of just the matrix alone

containing a fiber-shaped hole. This model will also undergo free thermal contraction

upon cooling and generate no stresses.

3.6 Discussion

Change

of Variations in Stress Due to Temperature

In the previous figures, the crenulated case and the circular case have been compared. In

particular, comments have been made regarding the variations in the stresses for the crenu-

lated case relative to the circular case. If the variation in the normal stress component rela-

tive to the circular case is defined as

AGn = (Gn) crenulated-- (Gn) circular , (15)

then for a particular volume fraction and crenulation amplitude AG n can be computed as a

function of circumferential location. At some circumferential location, the variation in

Ao n attains a maximum value. Figure 22 shows the values of the maximum variation in
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each stress component as a function of fiber volume fraction and crenulation amplitude.

The figure shows that for this thermal loading case the variations in all interface stress

components increase as both crenulation amplitude and fiber volume fraction are

increased. The increase in the variations in the tangential stress component in the matrix,

however, are much larger than those in the shear stress component, normal stress compo-

nent, or tangential stress component in the fiber.

1.5 1.5

1.0

o.o

o.oo

| t Ilbw _milJml k_. 4_&

• caleolaledvalue

j ....-

0.02 0.04

crenulation amplitude

0.06

1.0

0.5

0.0
0.00

IIw mlum) Iml:ll_. 4BR,

• c=lc=llaedW

_,..I ttm

/11"

0.02 0.04

crenulation amplitude

0.06

1.5

1.0

0.5

0.0

0.00

• calc=latedvaloe

t I .,

..,,,. t I

0.02 0.04 0.06

crenulation amplitude

1.5

1.0

0.5

0.0

0.00

/
/

//

f/I///_

1/11Y .
0.02 0.04 0.06

crenulation amplitude

Figure 22. Comparison of Maximum Stress Variations Due to Temperature Change for

Fully bonded Fiber
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3.7 Composite Properties: Coefficients of Thermal Expansion

The computed composite coefficients of thermal expansion for the fully bonded case axe

shown in Table 1. For the temperature change considered, AT = -1.0 °F, and a unit cell of

dimensions 1.0 by 1.0, these values are computed as follows: The total x direction strain in

the unit cell is taken to be equal to twice the x direction displacement, Ax, of the nodes

along the right edge (x = 0.5) of the quarter model, divided by the original x direction

length of the unit cell, 1x, which is equal to 1.0. The coefficient of thermal expansion ¢tx is

then equal to this strain divided by the temperature change of -1.0 °F. That is,

Ax

= (16)

Similarly,

Ay (17)

Y ly

Because both the fiber and the matrix axe isotropic in the x-y plane, ff-x and _ are equal.

The coefficient of thermal expansion in the fiber direction _ is equal to the strain of the

model in the z direction, v.z, which is given by the displacement of the first additional node

divided by the temperature change, i.e.,

az = _ez" (18)

For comparison, The coefficients of thermal expansion of the fiber and the matrix are

given in Table 1. As shown, the computed composite properties for the fully bonded case

lie between those of the constituent materials. Changes in crenulation amplitude appear to

have little effect on the magnitude of the coefficients at each fiber volume fraction. Note,

expansion in the fiber direction is decreased as fiber volume fraction is increased from

40% to 60%. Expansion in the x-y plane increases, however, with increasing fiber volume
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fraction. In the fully disbonded and no-fiber cases discussed in the previous section, the x

and y direction coefficients of thermal expansion of the composite are equal to that of the

matrix alone. The z direction coefficient of thermal expansion of the composite is, of

course, also equal to that of the matrix in the no-fiber case. For the fully disbonded fiber

case o_z is undefined, as fiber and matrix do not experience equal out-of-plane strain.

Table 1: Composite Thermal Expansion Coefficients

(x 10 "6/C_F) (x 10c_/°F)

fiber 5.0 0.0

matrix 1.67 1.67

circular 2.95 0.259

ct = 0.02 2.95 0.259

= _ _ - 0.05 2.95 0.259
0

_ ,

_--_ _ circular 3.54 0.127

_ _ _ - 0.02 3.50 0.128
I!

_" _ - 0.05 3.55 0.127

In the next chapter similar variations in interface stresses due to increasing crenulation

amplitude and fiber volume fraction will be presented and compared for the case of trans-

verse tensile loading of a composite containing fully bonded circular and crenulated fibers.

The stress variations for the transverse loading case will be seen to be similar to those

shown in this chapter for the thermal loading case.
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4.0 Response Due to Transverse Tensile Strain: Fully

Bonded Case

A major motivation for studying noncircular fibers, as noted previously, is the desire to

increase the transverse tensile strength of carbon-carbon composites. This strength is, in

general, low due to the lack of fiber/matrix adhesion. The influence of noncircular fibers

on the interface stress states induced in carbon-carbon by the application of a transverse

tensile load will now be considered. One extreme, stresses in a composite containing fully

bonded fibers, is presented in this chapter. Another extreme, the case of fully disbonded

fiber and matrix, will be discussed in the two chapters that follow. As stated, the actual

degree of bonding in carbon-carbon is thought to lie between these two extremes. Results

analogous to those seen in the previous chapter will be presented for this transverse load-

hag case in this chapter. An average transverse tensile strain of 1000 gin/in in the x direc-

tion (refer to Figure 2), denoted by _x = 1000 gin/in, is applied to a composite containing

fully bonded circular and fully bonded crenulated fibers. Effects on interface stress states

of increasing fiber volume fraction and crenulation amplitude are again considered.
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4.1 Fully Bonded Circular Fiber, vf = 40%

As in the preceding chapter, interface stresses around a perfectly bonded circular fiber

with a 40% fiber volume fraction are considered initially. The normal, shear, and tangen-

tial interface stresses induced in this model by the application of _ = 1000 [tin/in are

shown in Figures 23, 24, and 25, respectively. Here, interface stresses are normalized by

the Young's modulus of the matrix times the average tensile strain in the x direction, i.e.,

Era-_ (6000 psi).

The interface normal stress is shown in Figure 23. As expected, normal stress at the inter-

face is greatest at 0 = 0 °, where the loading direction is directly normal to the interface.

The stresses then decrease to a minimum at 0 = 90 °, where the loading direction is parallel

to the interface. In this transverse tension case the matrix is pulling away from the fiber

due to both the applied strain and to the Poisson's contraction of the materials. Therefore,

the normal stress is completely tensile in this circular fiber case. Note that in the transverse

loading case, the loading and boundary conditions are not identical in the x and y direc-

tions as they were in the thermal loading case. The normal stress state is therefore no

longer symmetric about 0 = 45 °.

Similarly, the shear stress component, shown in Figure 24, is no longer antisymmetric

about 0 = 45 °. It reaches a minimum value at a 0 value slightly greater than 45 ° and again

goes to zero at 0 = 0°and 0 = 90 °. The zero values at 0 = 0°and 0 = 90 ° might be expected

due to the symmetry of the model. The shear stress is negative at all circumferential loca-

tions for this circular fiber case.
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Figure 23. Interface Normal Stress Due to Transverse Strain for Fully Bonded Circular

Fiber, vf = 40%

-a=
t.-=

0.5

0.0

' ' I ' ' I ' ' I ' ' I ' ' I ' '

-0.5 • i |, t l I , ,

0 15 30

J

I , , 1 , , 1 , , !

45 60 75

0

Figure 24. Interface Shear Stress Due to Transverse Strain for Fully Bonded Circular

Fiber, vf = 40%

The tangential stresses at the interface in the fiber and the matrix, shown in Figure 25, are

highest at 0 = 90 °, where the loading direction is parallel to the interface, and lowest at e =

0 °, where loading is directly normal to the interface. Note, the fiber tangential stress is

Response Due to Transverse Tensile Strain: Fully Bonded Case 44



completely tensile and increases in magnitude from 0 = 0 ° to 0 = 90 °. The tangential stress

in the matrix is actually negative near 0 = 0°and rises to a maximum tensile value at 0 =

90 ° that is three times the maximum value reached in the fiber. This occurs because the

Young's modulus of the matrix in the x-y plane is higher than that of the fiber.
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Figure 25. Interface Tangential Stress Due to Transverse Strain for Fully Bonded Circular

Fiber, vf = 40%

4.2 Fully Bonded Crenulated Fiber, = 0.02, vf = 40 %

Next, the transverse loading of a composite containing fibers with crenulation amplitude

ct = 0.02 is presented and compared to the circular fiber stress states just discussed. The

three interface stress components for this case are shown in Figures 26, 27, and 28. The

circular data are included in each figure. As before, the diamond shaped markers which

indicate the 0 locations of the peaks in the fiber crenulation are also included.

Examination of Figure 26, the normal stress component, shows that the existence of crenu-
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lation results in variations in the stress state about the circular stress level. At this crenula-

tion amplitude, however, the stresses appear to follow the general trend of the circular

fiber stresses. Note, the maximum normal stress about the crenulated fiber is greater than

that about the circular fiber and occurs near 0 = 25 °, not at O = 0 °, as in the circular case.

Also, the minimum normal stress is lower than that in the circular case, although the entire

stress state remains tensile. Here, the local maxima in the stress state do not correspond to

the location of the crenulation peaks as in the thermal loading case. The 0 locations of the

crenulation peaks lie between the local maxima and minima of the stress variations and

appear to shift toward the minima locations as 0 values approach 90 °.
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Figure 26. Interface Normal Stress Due to Transverse Strain for Fully Bonded Crenulated

Fiber, u = 0.02, vf = 40%

The variations in stress introduced by the fiber crenulation are again seen in Figure 27,

which shows the interface shear stress. Here, the maximum negative shear stress occurs at

a greater 0 location than in the circular case and is greater in magnitude. Also, both posi-

tive and negative shear stresses are seen, with the largest positive shear stresses occurring
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near 0 = 0 ° and 0 - 90 °. The location of the peaks in fiber crenulation fall between the

local maximum and minimum of the stress variations. Except near 0 = 0 ° and 0 = 90 °,

these locations are no longer at the points where the crenulated and circular stress data

coincide. Recall that in the thermal loading case, Figure 13, the points where the stress

data for the crenulated and circular fiber coincide did correspond to the peaks in the crenu-

lation amplitudes.
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Figure 27. Interface Shear Stress Due to Transverse Strain for fully Bonded Crenulated

Fiber, u = 0.02, vf = 40%

The tangential stresses at the interface in both the fiber and the matrix are shown in Figure

28. The variations in the stresses due to the fiber crenulation appear to be greater in the

matrix than in the fiber but, on a percentage basis, are about the same. In both materials the

maximum tangential stresses about the crenulated fiber are greater than those about the

circular fiber, and they occur at a 0 location slightly less than 90 °. Here, the locations of

the crenulation peaks appear to correspond to the local minima in stress in both the fiber

and the matrix near 0 = 0 °. This relationship then changes, however, so that near 0 = 90 °
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the locations of crenulation peaks correspond to the local maxima in the tangential
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Figure 28. Interface Tangential Stress Due to Transverse strain for Fully Bonded Crenu-

lated Fiber, o_ = 0.02, vf = 40%

4.3 Fully Bonded Crenulated Fiber, ct = 0.05, v r = 40%

The effect on the interface stresses of increasing the crenulation amplitude from a = 0.02

to t_ = 0.05, while the fiber volume fraction is kept constant at 40%, is now considered.

The three interface stress components in a composite containing these more deeply crenu-

lated fibers under transverse tensile loading are shown in Figures 29, 30, and 31. The cir-

cular fiber data and the data previously presented for a fiber with a erenulation amplitude

of t_ = 0.02 are also shown on each figure.

Examination of Figure 29 shows that the variations in the interface normal stress are much

greater at the higher crenulation amplitude. The stresses about the fiber with crenulation
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amplitude a = 0.05 no longer follow the general trend of the stresses about the circular

fiber. The stress state instead appears to have its own mean variation with 0. The maxi-

mum normal stress, which occurred at 0 = 0 ° in the circular case, and near 0 = 25 ° in the

mildly crenulated case, now occurs near 0 = 35 ° with this higher crenulation amplitude.

All normal interface stresses remain tensile, however. The locations of the crenulation

peaks again occur between local maxima and minima in the normal stress state and shift

toward the minima near 0 -- 90 °. Note that the higher crenulation amplitude leads to

"higher harmonics" or additional variations in the normal stress.
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Figure 29. Interface Normal Stress Due to Transverse Strain for Fully Bonded Crenulated

Fiber, a--0.05, vf = 40%

Similar results are seen in Figure 30, which shows the shear stress component for the cir-

cular fiber case and for crenulation amplitudes a = 0.02 and a= 0.05. The variations in

stress about the circular level are much greater at the higher crenulation amplitude. The

positive shear stresses which arise near 0 = 0 ° and 0 = 90 ° in the crenulated case increase

in magnitude as crenulation amplitude is increased. As before, the 0 locations of the
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crenulation peaks correspond to values which are between local maxima and minima in

the stress data but, once again, they coincide with the circular stress data only near 0 = 0 °

and O = 90 °. At the higher crenulation amplitude additional stress variations, i.e., "higher

harmonics", are also seen near 0 = 45 °.
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Figure 30. Interface Shear Stress Due to Transverse Strain for Fully Bonded Crenulated

Fiber, o_= 0.05, vf = 40%

The fiber and matrix tangential stresses are shown in Figure 31. Increasing fiber crenula-

Lion amplitude again increases the stress variation about the circular stress level. Here, on

a percentage basis, near 0 = 90 °, variations in the fiber are larger than those in the matrix.

The relationship of the stress variation to the locations of the fiber crenuladon peaks is the

same as noted at the lower crenulation amplitude, with the peaks corresponding to local

minima near O = 0 ° and to local maxima near 0 = 90 °. Note, particularly high stress con-

centrations occur near 0 = 90 ° in the matrix.
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Figure 31. Interface Tangential Stress Due to Transverse Strain for Fully Bonded Crenu-

lated Fiber, o_= 0.05, vf = 40%

4.4 Effect of Increasing Fiber Volume Fraction on Stresses Due

to Transverse Strain: Fully Bonded Case

As in the previous chapter, the effect on the interface stress state of increasing the fiber

volume fraction from 40% to 60% will now be considered. The three interface stress com-

ponents about circular fibers and fibers with crenulation amplitudes of ¢t = 0.02 and

tx -- 0.05 at 60% fiber volume fraction are shown in Figures 32, 33, and 34. These figures

are graphed on the same scale as Figures 29, 30, and 31 to facilitate comparison.

Comparison of Figures 29 and 32 shows that increasing fiber volume fraction causes a

slight overall downward trend in the normal stress level. However, relative to the circular

case, the variations in the stresses due to the fiber crenulation appear to be slightly larger at

the higher fiber volume fraction. The minimum interface normal stress appears to be
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slightly lower, and a greater maximum normal stress is reached at 60% fiber volume frac-

tion. The relationship between the locations of the crenulation peaks and the variations in

the stress states are the same at this higher fiber volume fraction and all normal stresses

remain tensile. The perturbations in stress ("higher harmonics") which were seen previ-

ously near 0 ---90 ° for the deeper crenulation amplitude at 40% fiber volume fraction are

also present at a fiber volume fraction of 60%.
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Figure 32. Interface Normal Stress Due to Transverse Strain for Fully Bonded Crenulated

Fibers, o_ = 0.02 and (x = 0.05, vf = 60%

Comparison of Figures 30 and 33, the interface shear stresses, shows that increasing fiber

volume fraction has little effect on the variations in the interface shear stresses about the

crenulated fibers, except to change their amplitudes slightly. As a result, a greater maxi-

mum shear stress is seen at this higher fiber volume fraction. The location of the crenula-

tion peaks fall between the local maxima and minima of the stress variations at both fiber

volume fractions and the additional variations in stress that arise at the higher crenulation

amplitude are seen at both fiber volume fractions.
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Figure 33. Interface Shear Stress Due to Transverse Strain for Fully Bonded Crenulated

Fibers, tx = 0.02 and (x = 0.05, vf = 60%
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Figure 34. Interface Tangential Stress Due to Transverse Strain for Fully Bonded Crenu-

lated Fibers, ct = 0.02 and ct = 0.05, vf = 60%

A comparison of the tangential stress components, which are shown in Figures 31 and 34,

shows stress variations are increased at the higher fiber volume fraction. Greater stress
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variations are seen in both the fiber and the matrix, with particularly high stress concentra-

tions seen near 0 =90 ° in the matrix. The relationship between the location of the crenula-

tion peaks and the local maxima and minima of the stress states is again similar to that

seen at the lower fiber volume fraction.

4.5 Discussion of Variations in Stress Due to Transverse Strain:

Fully Bonded Case

Again, it is of interest to quantify the level of variation in the stress components relative to

the circular case. The values of the maximum variation in each stress component relative

to the circular stress level, as defined in equation 15, are shown in Figure 35. From each

figure it is obvious that variations in stress increase with increases in crenulation ampli-

tude and with increases in fiber volume fraction. However, the effect of these increases is

much greater in the tangential stress component in the matrix than in any of the other

stress components. Recall from Figure 22, particularly high stress concentrations were

seen in the tangential stress component in the matrix material as crenulation amplitude and

fiber volume were increased for the fully bonded fiber ease and a temperature change.
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Figure 35. Comparison of Maximum Stress Variations Due to Transverse Strain for Fully

Bonded Fibers

4.6 Composite Properties: Transverse Modulus and Poisson's

Ratio

The composite properties for the case of transverse straining of the fully bonded case, as

Response Due to Transverse Tensile Strain: Fully Bonded Case 55



well as those for the disbonded cases to be discussed in the following two chapters, are

shown in Table 2. Recall, the constituent material properties were given by equations 13

and 14. Here the average transverse modulus of the composite, E,x, is taken as the average

stress _x along the right edge (x = 0.5) of the quarter model divided by the applied average

tensile strain of 1000 grin/in. That is,

_X

Ex = -'- (19)
gx

The Poisson's ratio, Vxy, is taken as the total strain in the y direction of the unit cell (twice

the displacement of the nodes along y = 0.5 in the quarter model, divided by ly = 1.0),

divided by the applied average tensile strain, i.e.,

Ey

_xy = -ex (20)

where

Ay

_Y = ly (21)

Then Vxz is equal to the z direction strain of the model given by the displacement of the

first extra node in the ABAQUS model, divided by _x or,

E Z

xz = -e.x (22)

The computed composite properties once again are seen to lie between the corresponding

properties of the fiber and the matrix which were given in Chapter 2. Note, E x decreases as

fiber volume is increased, as does Vxz. The Poisson's ratio Vxy increases with increasing

fiber volume fraction. Also, increases in crenuladon amplitude appear to have little effect
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on the composite properties at each fiber volume fraction for this fully bonded case.

In the next two chapters variations in interface stresses induced by the same transverse

tensile strain and due to increasing crenulation amplitude and fiber volume fraction will be

presented. These interface stresses will be for a composite containing completely dis-

bonded circular and crenulated fibers, however.
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Table 2: Composite Transverse Elastic Properties

¢

N
m

I!

>

II

>

II

>

z
II
I*u

>

circular

t_ = 0.02

t_ = 0.05

circular

t_ = 0.02

ct = 0.05
i

circular

t_ = 0.02

o_ = 0.05
ii

circular

ct = 0.02

o_ = 0.05

circular

(z = 0.02

>__ _ t_ = 0.05

----_<_ _ circular
= _ (x = 0.02

II

> ct = 0.05

_. circular

_ e_= 0.02""

--_ <_ _ circular

_ _ = 0.02
II ,,

> _ = 0.05

E x (Msi) Vxy

4.082 0.396

4.083

4.075

3.319

3.316

3.303

2.401

2.393

2.365
1

1.329

1.315

1.259

2.401

2.395

2.374

1.328

1.316

0.396

0.396

0.412

0.412

Vxz

0.055

0.055

0.055
1

0.033

0.033

0.413 0.033

0.166 0.203

0.166 0.202

0.164 0.200

0.081 0.170

0.080 0.168

0.077 0.161
i

0.158 *NA

0.153 *NA

0.136 *NA

0.081 *NA

0.076 *NA

1.271 0.031 *NA

2.402 0.155 *NA

2.396 0.150 *NA

2.376 0.133 *NA

1.328 0.079 *NA

1.317 0.071 *NA

1.269 0.026 *NA

*Fiber and matrix are not acting together, therefore this property is undefined.
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5.0 Response Due to Transverse Tensile Strain: No-Fiber

Case

The first case of complete fiber/matrix disbond, that in which the gap between the fiber

and the matrix is large enough that the two materials do not interact for the cases consid-

ered, even under loading, is investigated in this chapter. As stated previously, this extreme

of disbond is modeled by considering the matrix alone, containing a fiber-shaped hole. As

in the previous chapters, a composite containing circular fibers, or in this case, circular-

shaped holes, with a volume fraction of 40% is examined initially as a basis for compari-

son. The stresses in the matrix at the edge of the fiber-shaped hole are presented here as

"interface" stresses. The effect on these stresses of increasing volume fraction and ampli-

tude of crenulation will be considered in this chapter. Note, for this no-fiber case the inter-

face corresponds to a free surface of the matrix. All normal and shear stresses on this

surface must therefore be zero. Thus, only the tangential component of stress in the matrix

along the surface of the hole is of interest and will be presented here.

5.1 Circular Shaped Hole, vf= 40%

The tangential stress in the matrix at the edge of a circular-shaped hole of 40% volume
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fraction is shown in Figure 36. As an aid in interpreting the data, the interface tangential

stress in the matrix for the fully bonded fiber case, which was presented in the previous

chapter, is included in the figure. Note, the lack of interaction between the fiber and the

matrix in the no-fiber case results in higher tangential stresses in the matrix, except in the

range 300 < 0 < 45 °, where stresses for the fully bonded case and the no-fiber case are

nearly identical. In both cases tangential stresses are compressive over the range

0 ° < 0 < 30 ° and rise to maxima at 0 = 90 °. An effective stress concentration of 1.75 is

seen in the no-fiber case at 0 = 90 ° where, for the fully bonded case, an effective stress

concentration of 1.5 is seen. That the no-fiber case results in higher tangential stresses is

important. With a fiber filling the hole in the matrix, some of the transverse load passes

from the matrix to the fiber through the interface in the form of normal and shear stresses.

Thus, the matrix, particularly near 0 = 90 °, does not have to transmit as much of the trans-

verse load as it must when no fiber is present.
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Figure 36. Tangential Stress Due to Transverse Strain at Circular-Shaped Hole, vf = 40%
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5.2 Crenulated Shaped Hole, a = 0.02, vr = 40 %

The effect of introducing a mild crenulation, a = 0.02, in the fiber-shaped hole on the

stresses in the matrix is shown in Figure 37. The interface tangential stress in the matrix

for the fully bonded fiber with cz = 0.02 and vf - 40% is also included in the figure. As in

previous chapters, the diamond shaped markers indicate the 0 locations of the peaks in

crenulation. For both the no-fiber and the fully bonded cases, these peaks appear to corre-

spond to the locations of the local minima in the stress variation near 0 = 0 °. The data then

shifts, however, so that the peaks in crenulation correspond to the locations of the local

maxima in the stress variations near 0 = 90 °. As was seen in Figure 36, lack of interaction

between the fiber and the matrix causes an increase in the stresses in the matrix. The great-

est increases occur near 0 = 90 °. Note, however, that the local variations in the tangential

stress for 0 < 55 ° are smaller in the no-fiber case than in the fully bonded case. Also, at

certain 0 locations in the range 20 ° < 0 < 55 ° the stresses seen in the fully bonded case are

greater than those seen in the no-fiber case.
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Figure 37. Tangential Stress Due to Transverse Strain at Crenulated-Shaped Hole,

a = 0.02, vf = 40%
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5.3 Crenulated Shaped Hole, (x = 005, vf = 40%

The effect of increasing the amplitude of crenulation to ¢x : 0.05 on the tangential stresses

in the matrix is shown in Figure 38. As seen in Chapters 3 and 4, increasing crenulation

amplitude causes an increase in the local stress variations. Here, stress variations appear to

increase by a factor of two relative to the circular case. The relationship between the local

maxima and minima in the stress data and the locations of the crenulation peaks, as indi-

cated by the diamond-shaped markers, is similar to that seen at the lower crenulation

amplitude. A maximum effective stress concentration of 3.25 is seen at the higher crenula-

t.ion amplitude, whereas the maximum stress concentrations are 2.5 and 1.75 for _ = 0.02

and the circular cases, respectively. Although the data for the perfectly bonded case is not

shown on this figure, as in the two previous figures, comparison to Figure 31 shows

stresses are again increased considerably due to lack of fiber/matrix interaction.
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Figure 38. Tangential Stress Due to Transverse Strain at Crenulated-Shaped Hole,

= 0.05, vf = 40%
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5.4 Effect of Increasing Fiber Volume Fraction on Stresses Due

to Transverse Strain: No-Fiber Case

The effect of increasing fiber volume fraction to 60% on the tangential stresses at the edge

of the fiber-shaped hole is shown in Figure 39. This figure is the analog to Figure 38, but

for a higher volume fraction. Recall, for the perfectly bonded case presented in the previ-

ous chapter, increasing fiber volume fraction caused the variations in the interface stresses

to increase for both fiber crenulation amplitudes at all circumferential locations. For this

no-fiber case, however, local maxima in the stresses at 60% fiber volume fraction are actu-

ally lower than those at vf = 40% over the interval 25 ° < 0 < 75 ° at both crenulation ampli-

tudes. Near 0 = 90 °, however, the tangential stresses for the no-fiber case are severe. The

maximum stress concentration reached is 4.0 at vf = 60%, whereas that at vf = 40%, as just

mentioned, is 3.25. The relationship between the location of the peaks in crenulation and

the local variations in stress is the same at both volume fractions shown.
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Figure 39. Tangential Stresses Due to Transverse Strain at Crenulated-Shaped Hole,

o_= 0.02 and (x = 0.05, vf - 60%
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5.5 Discussion of Variations in Interface Stress and Composite

Properties: No-Fiber Case

The value of the maximum variations in the tangential stress in the matrix at the edge of

the fiber-shaped hole relative to the circular hole stress level are shown in Figure 40. Equa-

tion 15 is a basis for this figure. As was seen in the fully bonded case, stress variations

increase with both increasing volume fraction and increasing crenulation amplitude. The

maximum stress variation for this no-fiber case, however, is double that seen for the fully

bonded case which was shown in Figure 35.
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Figure 40. Comparison of Maximum Stress Variations Due to Transverse Strain for No-

fiber Case

w

The composite properties, E x, Vxr and Vxz, for this no-fiber case are given in Table 2 on

page 58. Note in the table that for this no-fiber case the average transverse modulus of the

composite is lower than either that of the fully bonded fiber and matrix, or the matrix
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material alone. The value of Ex also decreases as the volume fraction of the fiber shaped

hole is increased. The Poisson's ratio Vxy is also lower in the no-fiber case than in the fully

bonded case but, Vxz is greater. Both Poisson's ratios decrease with increasing fiber vol-

ume fraction. Values of each composite property are still relatively constant with increas-

hag crenulation amplitude at each fiber volume fraction but do vary more than in the fully

bonded case. This is particularly apparent at vf = 60%, where each composite property

appears to decrease slightly as crenulation amplitude is increased.

i

In the next chapter, the fully disbonded case will be considered from a different perspec-

five. A composite which contains small gaps between the fiber and the matrix will be con-

sidered. The gap sizes chosen are small enough that fiber and matrix interact under

loading. Contact will therefore occur between the fiber and the matrix at certain points

along the interface as transverse tensile strain is applied. At these contact points interface

normal stresses arise, in addition to the interface tangential stresses which were seen in the

no-fiber case. As noted in Chapter 2, the contact surface is considered frictionless. Shear

stresses can therefore not develop at the interface, even at points where the fiber and

matrix contact. The influence of fiber crenulation amplitude and fiber volume fraction on

the interface normal and tangential stresses will be examined in the next chapter for this

representation of full fiber/matrix disbond.
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6.0 Response Due

Disbonded Case

to Transverse Tensile Strain: Fully

As in the previous chapter, interface stresses about fully disbonded circular and crenulated

fibers at two fiber volume fractions and due to a transverse tensile strain of 1000 I.tin/in are

presented and discussed here. In the previous chapter the distance between the fiber and

the matrix was assumed to be so large that no interaction occurred between the two when

the composite was loaded. Here, a much smaller disbond gap is assumed so that the fiber

and the matrix contact at certain points along the interface when the composite is sub-

jected to transverse tensile strain. The stresses which arise at these points of fiber/matrix

contact, as well as the interface normal and tangential stresses caused by the application of

the transverse strain, are discussed in this chapter.

6.1 Geometry of the Fiber/Matrix Disbond

Before the interface stresses are presented, the geometry of the disbond must be more

clearly defined. The actual disbond gap size, _5, is defined as the radial distance from the

fiber to the matrix at any point along the interface. This distance is indicated by the arrows

in Figure 41, which shows an enlargement of a portion of the finite element mesh along
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the fiber/matrix interface. This actual distance is normalized in the analysis by the mean

fiber diameter, d o, to give the normalized disbond gap size, A. That is

5

A = d--_" (23)

Stresses in composites for each of two values of A are investigated here, The values of A

considered are A = 10 .5 and A = 10 -6. For each of these normalized gap sizes, interface

normal and tangential stresses for the values of fiber volume fraction and crenulation

amplitude considered previously are discussed. As stated, the fiber/matrix interface is con-

sidered to be fdctionless in this analysis. Therefore, all interface shear stresses are zero.

Figure 41. Geometry of the Fiber/Matrix Disbond

Maximum contact stresses are also presented in this chapter for each of the cases consid-

ered. The contact stress is defined in the finite element code ABAQUS to be the "pressure"

between a node of an interface element and the slide line with which it interacts. Recall,

the interface elements and slide line were defined in Chapter 2. The contact stresses

between the two act in a direction which is normal to the slide line at the point of contact.
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Maximum contact stresses ate presented in Table 3 and will be discussed for each case

shortly.

Table 3: Maximum Contact Stresses

Contact Stress (psi)

Region 1 Region 2 Region 3

circular 303.3 no contact no contact

_ _ = 0.02 782.5 3504 no contact
II

= _ -- 0.05 495.5 6783 8948

I!
.,_ _ circular no contact no contact no contact

_ _ - 0.02 83.41 1373 no contact
II

_" ct = 0.05 no contact 6888 7746
[I II

_ circular 366.2 no contact no contact

a = 0.02 846.2 3606 no contact
II

_ _ - 0.05 584.1 6774 9552

II
<! _. circular 82.65 no contact no contact

_ c_ - 0.02 290.8 2145 no contact

_ _ = 0.05 no contact 7108 8334

6.2 Fully Disbonded Circular Fiber, A = 10 "5, vf = 40%

As a basis for comparison, the circular fiber case at 40% fiber volume fraction will again

be presented. Here, the larger of the two gap sizes, A = 10 -5 is considered first. The

deformed mesh for this case is shown in Figure 42. It should be noted that actual displace-

ments are used to create the portion of the figure which depicts the entire mesh, while dis-
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Figure 42. Deformed Mesh for Fully Disbonded Circular Fiber Case, A = 10 "5, vf = 40%,

Displacements in Contact Region Scaled by Factor of 10
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placements in the portion of the mesh which is enlarged are scaled by a factor of 10 for

viewing clarity. In this case, a region of contact between the fiber and the matrix forms

near 0 = 90 ° as shown. This region is labeled Region I in Table 3. As the table shows, the

maximum contact stress within this region for the circular fiber ease is 303.3 psi. The loca-

tion of this maximum is indicated in the figure by the arrow. As can be seen at the right

end of the enlarged portion of the mesh, away from the contact region there is a gap

between the fiber and the matrix. Also, as the radial lines of the finite element mesh in the

matrix and in the fiber are not aligned, slippage of the matrix relative to the fiber is evi-

dent.

Figure 43 shows the interface normal stress in the matrix for this initial case. This and the

interface stress figures which follow are scaled to facilitate comparison. Obviously the

contact stresses are interpreted as compressive normal stresses in the region over which

contact between the fiber and the matrix occurs. Over the remaining range of 0, normal

stresses must be zero as the interface remains a free surface.

The tangential stress at the interface in the matrix for this case is shown in Figure 44. For

comparison, the corresponding data for the no-fiber case, which was presented in the pre-

vious chapter, is also included in the figure. Note, the data for these two cases are nearly

identical. Very small differences in the data appear over the range of 0 where contact

between the fiber and the matrix occurs. The stress in the disbonded ease appears to be

only slightly lower than that in the no-fiber case in this region. Also, for 0 < 30 °, the

stresses in the no-fiber case are slightly more negative than those in the fully bonded case.
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Figure 43. Interface Normal Stress Due to Transverse Strain for Fully Disbonded Circular

Fiber, A = 10 5, vf = 40%
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Figure 44. Interface Tangential Stress Due to Transverse Strain for Fully Disbonded Cir-

cular Fiber, A = 10 5, vf = 40%
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6.3 Fully Disbonded Crenulated Fiber, = 0.02, A = 10 "5,

vf = 40 %

The deformed mesh for the mildly crenulated fiber at 40% fiber volume fraction with a

disbond gap A = 10 -5 is shown in Figure 45. Note, the presence of fiber crenulation causes

two regions of contact between the fiber and the matrix to develop. The first of these

regions, that near 0 = 90 °, appears to be slightly smaller than the contact region seen in the

circular fiber case. The maximum contact stress in each region is given in Table 3. The

locations of these maxima are again indicated by the arrows in the figure. Here, the abso-

lute maximum contact stress, 3504 psi, occurs in Region 2 near 0 = 75 ° and is an order of

magnitude greater than that seen in the circular fiber ease. Also, the maximum compres-

sive normal stress in Region 1 is about twice that seen in the circular case. Because contact

between the fiber and matrix occurs at a location other than on the peak or valley of the

crenulation, it is clear that some form of interlocking is taking place between the fiber and

the matrix.

The interface normal stress in the matrix for this case is shown in Figure 46. Because of

the nature of the contact, the distribution of interface normal stresses degenerates to dis-

crete peaks. The circular case data, which was just discussed, is also included in the figure.

As before, the diamond shaped markers indicate the locations of the peaks in fiber crenula-

tion. Note, the points of fiber/matrix contact where the compressive stresses arise occur at

0 locations slightly greater than the locations of the two crenulation peaks which are clos-

est to 0 = 90 °.
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Figure 45. Deformed Mesh for Fully Disbonded Crenulated Fiber Case, a = 0.02,

A = 10 "5, vf = 40%, Displacements in Contact Region Scaled by Factor of 10

Response Due to Transverse Tensile Strain: Fully Disbonded Case 73



O

a,.o.o2 _l ' ' J
_ - c_rcular J• k_aflon o¢ orenulatk_n peak

i
i I

-2 , , I , _ I m = [ z i,I , , ! _ ,

0 15 30 45 60 75

6

Figure 46. Interface Normal Stress Due to Transverse Strain for Fully Disbonded Crenu-

lated Fiber, ct = 0.02, A = 10"5, vf = 40%

The tangential stress at the interface in the matrix for this mildly crenulated case is shown

in Figure 47. As expected, the introduction of fiber crenulation causes stress variations

above and below the circular stress level. Comparison of this figure and the corresponding

figure for the no-fiber case (Figure 37) shows these two stress states are nearly identical.

Only slight variations are seen in the fully disbonded case near the 0 locations at which

fiber/matrix contacts occur. As in the no-fiber case, the locations of the peaks in fiber

crenulation correspon d to local minima in the tangential stress near 0 = 0° and to local

maxima near 0 = 90 °.
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Figure 47. Interface Tangential Stress Due to Transverse Strain for Fully Disbonded

Crenulated Fiber, ot = 0.02, A = 10 -5, vf = 40%

6.4 Fully Disbonded Crenulated Fiber, o_ = 0.05, A = 10 "5,

vf -- 40%

The effect on interface stresses of increasing crenulation amplitude to (t = 0.05 while fiber

volume fraction and gap size are kept constant is shown in Figure 48. Here, the deformed

mesh shows three regions of contact between the fiber and the matrix. Note, the first and

second of these regions are slightly smaller than those which occur with ix = 0.02. As

shown in Table 3, the maximum contact stress occurs in Region 3 near 0 = 65 °, that con-

tact stress being 8948 psi. Also, the maximum stress in Region 2 in this case is nearly

twice that seen with the lower crenulation amplitude, but the contact stress in Region 1 is

much lower than that with ix = 0.02. Note that increasing the crenulation amplitude moves

the region of most severe contact away from 0 = 90 °.
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Figure 48. Deformed Mesh for Fully Disbonded Crenulated Fiber Case, tx = 0.05,

A = 10 5, vf = 40%, Displacements in Contact Region Scaled by Factor of 10
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The interface normal stress for this higher crenulation amplitude is shown in Figure 49,

the distribution reducing to discrete peaks. As just discussed, the maximum compressive

normal stress occurs in Region 3 near 0 = 65 °, and high compressive stresses also occur in

Region 2, but stresses near 0 = 90 ° appear to be much smaller, on the order of those in the

circular case. These high compressive normal stresses again occur at 0 locations that are

slightly greater than the locations of the peaks in fiber crenulation. Slight tensile interface

normal stresses also appear at the locations which correspond to the peaks in fiber crenula-

tion for 0 > 45 °. These anomalous tensile stresses are a result of the numerical scheme

used in modeling the contact region.
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Figure 49. Interface Normal Stress Due to Transverse Strain for Fully Disbonded Crenu-

lated Fiber, a = 0.05, ,5 = 10 5, vf = 40%

The interface tangential stress for this more deeply crenulated case is shown in Figure 50.

As expected, increasing crenulation amplitude increases the variations in the tangential

stress about the circular case stress level. The crenulation peaks again correspond to local

minima near 0 = 0 ° and local maxima near 0 = 90 °. Comparison of this figure to Figure
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38, which shows the corresponding no-fiber case, again shows little difference exists

between the two cases except at the locations of contact between the fiber and the matrix.

In these locations slight additional variations in the tangential stress arise in the fully dis-

bonded case.

s[ _,- o.o6 FF"_'n""F"r-_
l drcuMr I -I

4 . __.=_ ot_,..u__

3

1

0

0 15 30 45 60 75 90

0

Figure 50. Interface Tangential Stress Due to Transverse Strain for Fully Disbonded

Crenulated Fiber, (z = 0.05, A = 10 "5, vf = 40%

6.5 Effect of Increasing Fiber Volume Fraction on Stresses Due

to Transverse Strain: Fully Disbonded Case, A = 10 -5

As shown in Table 3, no contact occurs between the fiber and the matrix for the circular

fiber ease with 60% fiber volume fraction and with a disbond gap size A = 10 "5. This

occurs in this case because the Poisson's contraction of the matrix near 0 = 90 ° causes the

gap between the fiber and the matrix to open. Interface normal stresses must therefore be

zero at all circumferential locations. Interface tangential stresses would be identical to

those shown in the corresponding no-fiber case.
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The deformed mesh for the mildly crenulated case at 60% fiber volume fraction with a dis-

bond gap ofA = 10 -5 is shown in Figure 51. As was true at 40% fiber volume fraction, two

regions of contact are seen. Comparison with Figure 45 shows that these regions are

slightly smaller than those which arise at 40% fiber volume fraction. The maximum con-

tact stresses still occurs in Region 2, the value being 1373 psi. However, the maximum

stresses in both regions of contact are lower than those seen at 40% fiber volume fraction.

The interface normal stress in the matrix for this case is shown in Figure 52. The two

regions of compressive normal stresses are seen here. The relationship between the loca-

tion of the crenulation peaks and the locations of the fiber/matrix contact remains the same

at this higher fiber volume fraction. The tangential interface stress in the matrix would

again appear nearly identical to that shown previously for the no-fiber case and is therefore

not presented here.
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Figure 51. Deformed Mesh for Fully Disbonded Crenulated Fiber Case, _ = 0.02,
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Figure 52. Interface Normal Stress Due to Transverse Strain for Fully Disbonded Crenu-

lated Fiber, tx = 0.02, A = 10 "5, vf = 60%

The deformed mesh for a crenulation amplitude o_ = 0.05 with disbond gap A = 105 at

60% fiber volume fraction is shown in Figure 53. Here again only two regions of contact

are seen, as Poisson's contraction of the matrix again causes the fiber and matrix to move

apart in Region 1. The maximum contact stress in each region is shown in Table 3. Note

the maximum stress is slightly higher in Region 2 for this case but is lower in Region 3

when compared with the 40% fiber volume fraction case.

The interface normal stress is shown in Figure 54. The relative magnitude of the peaks and

the magnitude of the peaks relative to Figure 49, which shows the interface normal

stresses at 40% fiber volume fraction, reflect the data of Table 3. Slight anomalous tensile

normal stresses again appear in the locations of the crenulation peaks for 0 > 45 °.
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Figure 53. Deformed Mesh for Fully Disbonded Crenulated Fiber Case, ot - 0.05,

A = 10 "5, vf = 60%, Displacements in Contact Region scaled by Factor of 10
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Figure 54. Interface Normal Stress Due to Transverse Strain for Fully Disbonded Crenu-

lated Fiber, _ = 0.05, A = 10 "5, vf = 60%

6.6 Effect of Decreasing Disbond Gap Size

The effect of decreasing the normalized gap size by an order of magnitude to A = 10 -6 will

now be discussed. As before, the circular fiber case at 40% fiber volume fraction is pre-

sented as a basis for comparison. All figures showing interface normal stresses are on the

same scale as those presented for the larger disbond gap size so that the two may be

readily compared. Interface tangential stresses will not be presented in the following cases

as they are again identical to those for the no-fiber cases, except for slight variations which

arise near points of fiber/matrix contact.

The deformed mesh for the circular fiber case at 40% fiber volume fraction with a disbond

gap size A = 10 -6 is shown in Figure 55. This figure is nearly identical to that for the larger

disbond gap size shown in Figure 42, Contact between the fiber and the matrix occurs over
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Figure 55' Deformed Mesh for Fully Disbonded Circular Fiber Case, A = 10 -6, vf = 40%,

Displacements in Contact Region Scaled by Factor of 10
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nearly the same region. As shown in Table 3 the maximum contact stress over this region

for the smaller disbond gap size is slightly larger than that in the previous case, as might

be expected.

The interface normal stress for this case is shown in Figure 56. Careful comparison to Fig-

ure 43, which shows the interface normal stresses for the circular case with the larger dis-

bond gap, reveals that compressive normal stresses for the case of the smaller gap size

occur over a slightly larger range of 0 and are slightly greater in magnitude.
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Figure 56. Interface Normal Stress Due to _Transyerse Strain for Fully Disbonded Circular

Fiber, A = l0 "6, vf = 40%

The effect of introducing fiber crenulation with an amplitude tx = 0.02 is shown in the

deformed mesh in Figure 57. Two regions of fiber/matrix contact arise in this case, as was

true at the larger disbond gap size. These regions are slightly larger in this case, however.

The contact stresses shown in Table 3 which occur in these regions are larger than those

that occur with the larger disbond gap size, as might be expected. The contact stress which
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Figure 57. Deformed Mesh for Fully Disbonded Crenulated Fiber Case, ct = 0.02,

A - 10 6, vf = 40%, Displacements in Contact Region Scaled by Factor of 10
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occurs in Region 1 for this case, 846.2 psi, is more than twice that seen in the circular case

with A = 10-6, and the overall maximum contact stress, 3606 psi, is an order of magnitude

greater than that which occurs in the circular case. This occurs because, as in the past

cases, the nature of contact with the crenulated fiber is one of interlocking where the

matrix is trying to move past the fiber in the x direction. The nature of the contact with the

circular fiber, however, consists of the matrix trying to move into the fiber in the y direc-

tion. Since the applied load is in the x direction, the former interference results in a higher

contact stress. The interface normal stress about this mildly crenulated fiber for the dis-

bond gap A = 10 -6 is shown in Figure 58. The peaks in fiber crenulation again occur at 0

locations that are lightly lower than the locations of fiber/matrix contact.
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Figure 58. Interface Normal Stress Due to Transverse Strain for Fully Disbonded Crenu-

lated Fiber, tz = 0.02, A = 10 6, vf = 40%

The deformed mesh for the case of the more deeply crenulated fiber at 40% fiber volume

fraction with a disbond gap of A = 10 -6 is shown in Figure 59. Three contact regions are

again evident. These regions are slightly larger than those which occur with the larger dis-
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bond gap size, Figure 48. Also, the contact stresses which occur in Regions 1 and 3, 584.1

and 9552 psi, respectively, are greater than those which occur in the corresponding regions

with the larger disbond gap size. The contact stress which occurs in Region 2, 6774 psi, is

slightly less, however, than that seen with the larger disbond gap size, as shown in Table 3.

The interface normal stresses for this case are shown in Figure 60. The companion figure

for the case of the larger disbond gap size is Figure 49.
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Figure 60. Interface Normal Stress Due to Transverse Strain for Fully Disbonded Crenu-

lated Fiber, _ = 0.05, A - 10 6, vf = 40%

The deformed mesh for the circular fiber case with 60% fiber volume fraction with a dis-

bond gap size A = 10 -6 is shown in Figure 61. Once again only one region of contact

between the fiber and the matrix is seen. This region is smaller in this case, however, than

those seen for the previous circular fiber cases with 40% fiber volume fraction, Figures 42

and 55. Recall that the circular fiber case with 60% fiber volume fraction with A = 10 -5

showed no fiber/matrix contact. As shown in Table 3, the maximum contact stress which

arises in this region is much smaller than that which occurs at the lower fiber volume frac-
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Figure 61. Deformed Mesh for Fully Disbonded Circular Fiber Case, A = 10 -6, vf = 60%,

Displacements in Contact Region Scaled by Factor of 10
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tion with either disbond gap size.

The interface normal stress for this circular fiber case is shown in Figure 62. Compressive

stresses which occur over the region of fiber/matrix contact in this case are so small that

they are unnoticeable at the scale on which the figure is graphed.
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Figure 62. Interface Normal Stress Due to Transverse Strain for Fully Disbonded Circular

Fiber, A = 10 6, vf = 60%

The deformed mesh for a fiber crenulation amplitude a = 0.02 at 60% fiber volume frac-

tion with A = 10 -6 is shown in Figure 63. Two regions of fiber matrix contact are again

seen. As shown in Table 3, the maximum contact stresses which arise in each region,

290.8 and 2145 psi, are smaller than those seen with this disbond gap size and the lower

fiber volume fraction. These s_sses are greater, however, than those which occur at 60%

fiber volume fraction with the larger disbond gap size.
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The interface normal stress for a = 0.02 with 60% fiber volume fraction with the smaller

disbond gap size is shown in Figure 64. Compressive normal stresses here are smaller than

those seen with 40% fiber volume fraction in Figure 58. These stresses are slightly greater

in magnitude, however, than those seen for the corresponding case at 60% fiber volume

fraction with the larger disbond gap size which was shown in Figure 52.
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Figure 64. Interface Normal Stress Due to Transverse Strain for Fully Disbonded Crenu-

lated Fiber, (_ = 0.02, A = 10 "6, vf = 60%

The deformed mesh for the case of a = 0.05 with 60% fiber volume fraction with a dis-

bond gap size z_ = 10 -6 is shown in Figure 65. As was true at the higher fiber volume frac-

tion with the larger disbond gap size, Poisson's contraction of the matrix causes the

interface to open up near 0 = 90 ° and no contact occurs in Region I. Contact stresses in

Region 2 and 3, 7108 and 8334 psi, respectively, are greater than those seen at this fiber

volume fraction and the larger disbond. When compared to the contact stresses at 40%

fiber volume fraction with the same disbond gap size, the contact stress in Region 2

increases with increasing fiber volume fraction, while that in Region 3 decreases.
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Figure 65. Deformed Mesh for Fully Disbonded Crenulated Fiber Case, ot - 0.05,

A = 10 -6, vf = 60%, Displacements in Contact Region Scaled by Factor of 10
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The interface normal stress for this case is shown in Figure 66. The compressive stresses

which occur near 0 = 65 ° in this case are larger than those seen with 40% fiber volume

fraction with this same disbond gap size or with 60% fiber volume fraction at the larger

disbond gap size. The compressive stress near 0 -- 75 ° is slightly smaller in this case than

at 40% fiber volume fraction and the same disbond gap size. Slight anomalous tensile nor-

real stresses again appear in the locations of the crenulation peaks which occur at 0 loca-

tions that are slightly smaller than the contact locations.
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Figure 66. Interface Normal Stress Due to Transverse Strain for Fully Disbonded Crenu-

lated Fiber, tx = 0.05, A = I0 -6, vf = 60%

6.7 Discussion of Maximum Contact Stresses

Properties: Fully Disbonded Case

and Composite

The magnitudes of the maximum contact stresses for each disbond gap size are shown in

Figure 67. Similar figures are not presented for the tangential stress component because

they would appear identical to those shown in Figure 40 for the no-fiber case. As with all

Response Due to Transverse Tensile Strain: Fully Disbonded Case 95



previous cases, these figures show that maximum contact stress, on max, increases with

increasing crenulation amplitude. For this fully disbonded case, however, stress variations

decrease with increasing fiber volume fraction. Note, maximum variations in the normal

stress here are much greater than those seen in the normal stress in the fully bonded case

shown in Figure 35.

0.06

Figure 67. Maximum Contact Stresses Due to Transverse Strain for Fully Disbonded Case

The calculated composite properties for the fully disbonded case are given in Table 2 on

page 57. Note, as the fiber and the matrix do not act together, the property Vxz is undefined

for the composite containing fully disbonded fibers. The remaining properties E x and Vxy

vary only slightly with change in disbond gap size. Both properties also appear to be very

close to those calculated for the no-fiber case and follow the same trends with changing

fiber volume fraction and crenulation amplitude as in the no-fiber case.

This concludes the study of fiber/matrix interaction for the fully disbonded fiber. A great

deal of new and interesting information has been discussed in this and the previous chap-
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ters. Of particular value has been the illustrations of the fiber/matrix contact, showing both

the degree of contact and the location of the contact around the circumference of the fiber.

The following, and concluding, chapter summarizes the important findings of this study,

and presents recommendations for future research directions.
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7.0 Conclusions and Recommendations for Future Work

As stated in Chapter 1, the major motivation for this study of noneircular fibers was to

investigate potential increases in the transverse properties of carbon/carbon composites.

These properties are, in general, low due to poor fiber/matrix bonding. In the preceding

chapters, much information has been presented concerning the interface stress states in

composites containing crenulated fibers subjected to a temperature decrease, and to a

transverse strain. Conclusions, which are drawn from this information, regarding the effect

these fibers have on the transverse composite properties are presented in this chapter.

Additional directions of investigation related to the problem set forth in this study, which

could provide further insight into the effect of noncircular fibers on composite behavior,

are also suggested in the final section of this work.

7.1 Conclusions

Although two different loading conditions and various degrees of bond and disbond have

been discussed, several general conclusions concerning the effects the crenulated fibers

have on stress states in the composite can be drawn from all cases. First, all cases consid-

ered show that a significant difference exists between the stress state at the circular fiber
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interface and the stress state at the crenulated fiber interface. This has been shown to be

true regardless of fiber volume fraction, amplitude of crenulation, degree of disbond, etc.

Although, as noted previously, some of these differences result from the transformation of

the stress at the crenulated interface, their significance must not be overlooked.

All of the cases considered in this work also show that increasing the fiber crenulation

amplitude from ot = 0.0 (circular) to ot ---0.05 results in an increase in the variation of the

interface stresses relative to the circular interface stress level. These variations in several

cases become large enough that sign changes occur in the stress components that do not

occur at the circular interface. Because of these variations, the introduction of crenulation

for each loading case results in larger maximum stresses and lower minimum stresses than

those found at the circular interface. In most cases, these maxima and minima also occur

at different 0 locations than the maxima and minima in the corresponding circular fiber

cases. Of particular importance is that the variations, which result from the fiber crenula-

tion, lead to high stress concentrations in the crenulated cases which are not present at the

circular fiber interface.

The high stress concentrations are most evident in the tangential stress component in the

matrix in each case considered. Recall, Figures 22 and 35 show that the variations in the

matrix tangential stress for the fully bonded case due to both temperature change and

transverse strain are more than double those seen in the other stress components. For the

no-fiber and fully disbonded cases, Figure 40, the variations in the matrix tangential stress

are even larger than for the fully bonded cases, as little or no stress is transferred to the

fiber in the form of a shear or normal interface stress component. These large positive tan-

gential stresses can result in cracking and tearing of the matrix material at the interface.

Thus, they can seriously reduce the strength of the composite as a whole.
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Increases in the fiber volume fraction also cause increases in the variations of the interface

stresses relative to the circular stress levels in all the fully bonded cases and in the no-fiber

case. This is not true, however, for the interface normal stress in the fully disbonded cases.

In this instance, increasing the fiber volume fraction causes the normal stress variations to

decrease, as shown in Figure 67. This is a result, as explained earlier, of the Poisson's con-

traction of the matrix material.

Several other factors about the fully disbonded case are of particular interest. Recall, it

was stated that, with the noncircular fibers, mechanical interlocking of the fiber and the

matrix could serve to increase the transverse composite properties. As seen in the previous

chapter, this mechanical interlocking does take place. Examination of the transverse com-

posite modulus _x in Table 2, however, shows that the effect this interlocking has on the

composite properties does not result in increased composite stiffness. In fact, E x decreases

in all cases as the fiber crenulation amplitude is increased.

Another point of interest concerning the fully disbonded fiber cases is that the maximum

variation in the contact stress at the interface in these cases, Figure 67, is nearly as large as

that seen in the matrix tangential stress component. Recall that as crenulation amplitude is

increased, the location of the most severe contact is moved away from 0 = 90 ° and the

contact stresses increase greatly. The contact stresses lead to large peaks or "spikes" in the

normal stresses in the regions of most severe fiber/matrix contact. Decreasing the disbond

gap size, as expected, results in increases in these large contact stresses. Crushing and

cracking of the matrix or fiber material at the locations of these severe stresses again could

serve to weaken the overall composite.

In summary, the evidence from the cases presented in this work suggests that, although
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interlocking between the fiber and the matrix does occur when fiber crenulation is present,

serious stress concentrations also result at the noncircular interface. These stress concen-

trations can result in a weakening of the composite which could far outweigh any possible

advantage to the interlocking effect. For the cases considered, a temperature change AT =

-1.0 °F and a transverse strain _ = 1000 _tin/in with both fully bonded and fully disbonded

fibers, the use of crenulated fibers therefore, appears to offer no advantage over the use of

circular fibers.

As noted previously, the actual bonding in a carbon/carbon composite is somewhere

between the fully disbonded and fully bonded cases considered here. Also, many of the

assumptions inherent with this analysis can cause the stresses presented here to differ from

those that would be seen in an actual composite under the same loading conditions. These

assumptions include the transverse isotropy of the fiber, the full isotropy matrix, and the

frictionless contact surface at the interface. In order to obtain a truer picture of the behav-

ior of a crenulated carbon fiber in a carbon matrix, additional analyses must be carded out.

Suggestions of directions that these analyses might follow are contained in the next, and

final, section of this work.

7.2 Suggestions for Future Work

One of the assumptions used in this analysis is that the fiber is considered transversely iso-

tropic in the x-y plane and the matrix is considered fully isotropic. In actuality both of

these materials are fully orthotropic. In particular, it has been shown that the graphitic lay-

ers which form in the matrix material which lies closest to the fiber tend to align with the

fiber. In the case of a crenulated fiber, these graphidc layers would bend and kink along the
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crenulation, causing the matrix material properties closest to the interface to vary greatly

from those in the bulk matrix material, where the graphitic sheets have a more random ori-

entation. Also, graphitic layers within carbon fibers have been shown to form various

ordered orientations. Depending on processing conditions, these graphitic layers may be

arranged radially or circumferentially or with some degree of mixing of these two orienta-

tions. The orientation of the layers, of course, affects the fiber material properties in the x-

y plane. To more accurately model the carbon fiber and matrix, the properties of each

material must be considered to be location dependent.

The actual degree of disbond in a carbon/carbon composite has been assumed in this study

to lie between the fully bonded and fully disbonded cases presented here. In order to rep-

resent the actual degree of bonding in the composite, a scheme for modeling partial dis-

bonding must be devised. Complications arise in this case in deciding the degree,

geometry, and number of disbonds to be modeled. In order to create a unit cell of workable

size, the mathematical models must have some degree of symmetry. Disbonding in true

carbon/carbon is by nature completely random, so that some sort of probabilistic modeling

procedure would be required for complete understanding of the partially disbonded com-

posite. The accuracy of such schemes must rely in part on the model size chosen, and the

amount of computation time allowed, which will be significant even for limited variation

of the random variables.

Another limitation of this analysis is that only two fiber volume fractions and two degrees

of fiber crenulation were considered. The values chosen for these parameters in this study

are considered to best represent composites which are in the range which is readily mod-

eled and manufactured. Additional values of these parameters could, of course, be consid-

ered. However, it is felt that the work presented here establishes the trends one might
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expect from changes in these two parameters. The effects of changing the parameter m,

which controls the frequency of fiber crenulation, was not examined in this analysis and

could be of interest. Difficulties would certainly arise in both modeling and manufacturing

the fiber, however, if a higher value of this parameter than that chosen for this analysis

were of interest. In addition to changes in the above parameters, the material properties

used in this analysis could be easily changed if effects of fiber crenulation on a material

other than carbon/carbon were of interest.

As stated in Chapter 1, fiber shapes other than the crenulated geometry have been manu-

factured. These shapes include the C-shaped fiber and the trilobal-shaped fiber. Analyses

similar to those presented in this work for either of these fiber shapes could be of interest.

The crenulated fiber was chosen, however, due to its high degree of symmetry. A larger

unit cell, larger finite element mesh, and therefore, longer computation time would most

likely be involved in modeling either of these other two shapes, as they both have a much

lower degree of symmetry.

Finally it should be noted that the results presented in this work are purely analytical. The

comparison of the findings of this study to experimental data gained from the testing of

carbon/carbon composites containing actual crenulated fibers is of course desirable. To

date information of this nature is not available. In addition, a microscopic study of the

structure of such a composite could be useful in future work in determining the actual

degree of disbond which occurs in such materials, and the variation of the material proper-

ties in the fiber and matrix near the interface.
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